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INTRODUCTION
A spreadsheet program has been developed to provide preliminary mass and performance estimates of the various components that would be required in an Aircraft Fuel Cell Power System (AFCPS) for an aircraft auxiliary power unit (APU). The program reads in the thermodynamic system model data and provides preliminary component mass and performance estimates so that the mass impact of the hybrid fuel cell system modifications can be quickly ascertained. This allows for rapid parametric trade studies to be performed to optimize the development of an aircraft fuel cell power system.
The objective of this effort is to provide a tool for parametric investigations that can produce mass and volume estimates of major components in the SOFC/APU system that can then be used to trade system performance with mass and volume. By replacing turbine APU's, hybrid fuel cell systems may dramatically reduce NOx emissions. The fuel cell system will provide increased power output at altitude and should also be lower in initial cost. It is anticipated that the increased fuel efficiency will be more than offset by the increase in the fuel cell system mass, by reducing the amount of fuel to be carried. The power range being examined is 440 kW [1] .
The baseline configuration for the spreadsheet program development is based on the utilization of a catalytic partial oxidation (CPOX) fuel reformer in the AFCPS. The APU installation scheme considered for this investigation utilizes pressurized air flow at 75.2 kPa and 20 o C (for the aircraft cruise condition case) from the aircraft cabin for the compressor inlet feed flow. The components in the hybrid fuel cell/gas turbine system are designed based on projected 2015 technology. The system components modeled include a centrifugal compressor, fuel pump, water pump, CPOX fuel reformer, heat exchanger, steam generator, solid oxide fuel cell, combustor, starter/generator, radial inflow turbine and associated interconnecting piping. A schematic of the baseline aircraft fuel cell power system is shown in Figure 1 . A preliminary three dimensional solid model of all of the components for the hybrid SOFC/gas turbine system packaged within a Boeing 777 tail section system is presented in Figure 2 . Overall APU system requirements are derived from [3] . An initial discussion of component design features is presented followed by a demonstration of component sizing at various operating conditions. Two examples of system mass and volume estimates for a SOFC/hybrid system at distinct operating conditions are also provided. Turbine rotor polytropic efficiency kg/(m-sec) Gas dynamic viscosity kg/m 3 
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MODEL DEVELOPMENT, DESIGN, PERFORMANCE AND MASS ESTIMATE
Design and performance models of the various components in the SOFC/APU system were generated in order to provide an accurate mass estimate. These models consisted of separate component analyses that included geometrical considerations and state variables (and their effect on individual component performance) and their impact on the mass and volume of each individual component. Components modeled include a solid oxide fuel cell, a combustor exhaust to air heat exchanger, a steam generator, a compressor, a turbine, a fuel reformer, a combustor, fuel and water pumps (and associated electric motors to drive them), a hot component containment vessel (hot box) and associated interconnecting piping. A separate spreadsheet was generated for each component and these spreadsheets were linked (as applicable) to perform an entire system mass and volume analysis based on specified system performance.
A Visual Basic macro is incorporated into the program to alleviate the problem of the user having to resolve the iterative routines in various worksheets in order to obtain an updated design. This macro allows for faster turnaround during parametric studies.
For this preliminary study, minimal structural stress analysis at the system level was performed (component mounting, bulkhead attachments, vibration effects, etc.). However, preliminary stress and heat transfer analyses on the component containment vessels were performed. Since the tail section is vented to ambient, the SOFC/APU system needs to be able to withstand low ambient temperature and pressure conditions that exist at altitude. Therefore, in order to reduce thermal losses, external insulation of hot components will be required.
Each individual component worksheet calculation is internally documented to the fullest extent possible to allow for future modifications and enhancements. A description of the design calculations and assumptions used to predict the performance and mass of each component in the SOFC system is described in the following sections.
Compressor
The centrifugal compressor in the system takes cabin air at the inlet and pressurizes it to supply high pressure air to the cathode side of the solid oxide fuel cell and the fuel reformer. Prior to entering these devices, the high pressure air is split, with the fuel cell air heated through a heat exchanger and the unheated air routed to the fuel reformer. The compressor worksheet utilizes the system inlet and discharge flow rates, temperatures and pressure data and determines the required compressor pressure ratio based on the discharge pressure specified.
A preliminary centrifugal impeller design is completed based on a design method described in [4] .
For optimum efficiency, the centrifugal compressor specific speed, Ns = 0.8 is fixed. The compressor rotational speed is then calculated based on the specific speed and the required mass flow rate and pressure ratio. Compressor design specifications and assumptions for the compressor blading are summarized in Table 1 .
These parameters allow for development of the inlet and discharge velocity diagrams. The exit velocity diagram for the centrifugal compressor is shown in Figure 3 .
Once the impeller inlet hub radius, shroud radius and exit diameter are calculated, the meridional blade shape is determined. To obtain the meridional blade shape, the shroud shape is assumed to be ¼ of a circle and the hub shape is assumed to be ¼ of an ellipse. The impeller mass is determined by calculating incremental volumes of the hub and blades based on the volume of a frustum of a cone. A blade solidity of 20% is assumed to estimate the amount of metal in the blade area. The total impeller mass is calculated based on the density of stainless steel and the volume estimate. The centrifugal impeller design method is described in detail in [4] . The compressor diffuser and housing mass estimate is based on a method developed by the Garrett Turbine Engine Company described in [5] . Table 1 summarizes the assumptions made in the centrifugal compressor design and mass estimate. Heat Exchanger A compact heat exchanger design was performed in an attempt to minimize the heat exchanger volume and mass based on performance requirements provided by the system analysis. The purpose of this heat exchanger is to provide heated air to the solid oxide fuel cell. The heat exchanger inlet process air is fed from the compressor discharge. Heat is added to the air from the exhaust gas exiting from the combustor.
The combustion air to process air compact heat exchanger was designed based on methods described in [6] . A single pass cross flow plate and fin heat exchanger configuration was chosen based on optimizing heat exchanger efficiency and compactness. The heat exchanger core configuration is shown schematically in Figure 4 . A "wavy fin" or herringbone arrangement was selected to provide a greater surface area and better heat transfer performance. The surface geometry parameters for this type of surface are used to predict the pressure drop and heat transfer characteristics of each side of the heat exchanger.
To properly size the heat exchanger, an initial gas flow per unit area (mass velocity) is assumed for the air and gas sides of the heat exchanger. The heat exchanger NTU is derived from the calculated heat exchanger effectiveness and capacity ratio based on a correlation from [7] . The spreadsheet solver routine is used in the heat exchanger worksheet to iterate on the mass velocities until the heat transfer and core pressure drop requirements are met and convergence is achieved on both sides of the heat exchanger. The heat exchanger core mass is calculated based on an assumed solidity and the total heat exchanger mass is estimated based on approximations of the housing, header and nozzle masses.
The assumptions made in the heat exchanger design and mass estimate are summarized in Table 2 . 
Fuel Reformer
The purpose of the catalytic partial oxidation (CPOX) fuel reformer is to reform the liquid jet fuel using auxiliary air and steam to provide hydrogen gas to the solid oxide fuel cell. A fuel injector combines and mixes the liquid jet fuel, steam and heated air and the reformer catalyzes the mixture to deliver the hydrogen gas to the fuel cell.
The fuel reformer design worksheet calculates the required reactor bed volume based on an assumed gas hourly space velocity of 50,000 hr -1 (recommended for a CPOX reformer).
The overall length and diameter are determined based on an assumed reactor L/D ratio of 2. The injector, mixing and discharge length are assumed to be equal to one reactor bed diameter. The CPOX fuel reformer geometry is depicted in Figure 5 . With the reactor size determined, a secondary worksheet provides for a preliminary design of the reformer containment vessel. The containment vessel is sized to minimize heat loss from the reactor while maintaining low operating stresses in the containment vessel. In order to minimize heat losses from the reactor bed, internal and external insulation is used around the containment vessel. A one-dimensional radial heat transfer analysis is performed in the secondary worksheet to examine heat losses and estimate maximum metal temperatures. An internal heat transfer coefficient of the reformate gas is calculated based on the total flow through the reactor bed. Assumptions are made for internal insulation thickness, pipe wall thickness and external insulation thickness. An external heat transfer coefficient for the air surrounding the outer insulation is also approximated. Based on this information, an iterative procedure is used to determine all interface temperatures.
After the heat transfer analysis is completed, a stress calculation is performed to insure that the maximum allowable stresses are not exceeded based on the maximum operating temperature and pressure. The stress calculation assumes that the containment vessel is constructed from Inconel 625 material. The required vessel wall thickness is calculated to minimize mass while still providing acceptable margins of safety on stress. Table 3 summarizes the assumptions made in the fuel reformer design and mass estimate. 
Steam Generator
The steam generator extracts heat from the combustion gases to vaporize water. The steam is routed to the fuel reformer injector, where it is mixed with fuel and heated air before entering the reformer catalyst bed. The combustion gas exits the steam generator and is routed to the radial inflow turbine. The steam generator worksheet utilizes the specified water, steam and exhaust inlet and discharge flow rate, temperature and pressure data and gas property data for the performance and mass estimate. Average water properties are calculated based on polynomial curve fit equations as a function of temperature that are incorporated into the spreadsheet.
A detailed heat transfer analysis is set up based on methods described in [8] to model the steam generator. A steam generator with water flow through the tubes is designed as a multi-pass steam generator in a counter flow arrangement. This is a continuous tube heat exchanger in which preheating, evaporation and superheating of the feed water take place consecutively. For the analysis, the water tubes are split into three sections. The preheater section is the portion of the tubing where the water is heated to its saturation temperature at the specified operating pressure. The evaporator section is the area where the water is vaporized into steam. The superheater section is the area where the steam is heated above its saturation temperature to the specified outlet temperature.
Average gas and water properties are evaluated for each section of the tubing. The heating requirements are determined and an NTU-effectiveness method is used to calculate the internal heat transfer coefficient of each section. The overall heat transfer coefficient is calculated based on the internal heat transfer coefficient of the water or steam, the external heat transfer coefficient of the combustion exhaust gas and the thermal conductivity of the tube. The overall heat transfer coefficient is used to predict a required tube length. Design iterations are then performed by varying the tube length until all heat transfer requirements are met and the calculated pressure drop on the exhaust gas side meets the specified exhaust gas pressure drop.
The multiple tube pass steam generator configuration is shown in Figure 6 . The mass of the tubes is calculated and the external shell mass is estimated as a function of the tube mass. The assumptions made in the steam generator design and mass estimate are summarized in Table 4 . 
Fuel and Water Pumps
An investigation into commercially available pumps for the required operating ranges was made. Small, commercial pumps were found that cover the required fuel and water flow rate range with sufficient margin. Since the mass of the fuel and water pumps relative to the entire system mass is very small (<0.3%), the fuel and water pump mass was considered constant for this investigation. Any minor changes to the fuel or water pump flow rate requirements should not result in a mass increase for these components.
Radial Inflow Turbine
The radial inflow turbine inlet in the AFCPS system directs combustor exhaust from downstream of the steam generator and extracts energy and discharges the exhaust gases to ambient (out the rear of the tail cone). It is assumed that the turbine discharge is through a nozzle to maintain a relatively low expansion ratio. The turbine expansion ratio is specified in the system analysis and is kept at values less than six to maintain low blade root stresses. The turbine worksheet utilizes the system inlet and discharge flow rate, temperature and pressure data and also the rotational speed as calculated in the compressor worksheet, since the compressor and turbine will be on the same shaft. The exit velocity diagram for the radial inflow turbine is shown in Figure 7 . A preliminary radial inflow turbine rotor design is completed based on a detailed design method described in [4] .
From the design method, the turbine rotor inlet diameter, exit shroud diameter and exit hub diameter is calculated. To obtain the meridional blade shape, the shroud shape is assumed to be ¼ of a circle and the hub shape is assumed to be ¼ of an ellipse. The turbine rotor mass is determined by calculating incremental volumes of the hub and blades based on the volume of a frustum of a cone. A blade solidity of 20% is assumed to estimate the amount of metal in the blade area. The total rotor mass is calculated based on the density of stainless steel and the volume estimate. The turbine inlet and housing mass estimate is based on a method described in [5] . Table 5 summarizes the assumptions made in the radial inflow turbine design and mass estimate. 
Solid Oxide Fuel Cell
The anode inlet side of the solid oxide fuel cell collects fuel reformer products that include hydrogen, methane, nitrogen, water vapor, carbon monoxide and carbon dioxide. The cathode inlet side of the fuel cell collects air from the compressor that has been heated after passing through the heat exchanger. These gases are electrochemically reacted within the fuel cell to produce electrical power. The anode discharge side releases the electrochemical reaction products that include water vapor, carbon dioxide, nitrogen and the remaining hydrogen, carbon monoxide, and methane. The cathode discharge side releases water vapor, nitrogen as well as unused oxygen. A companion paper [2] details the performance model used to simulate the fuel cell performance. The performance model uses input settings (Area Specific Resistance = 0.4 ohmcm 2 , Fuel Utilization = 0.85, Cell Voltage = 0.75V) to output performance and required SOFC active area. Several assumptions are required to convert the active area requirement into stack volume and mass estimates. A schematic of the assumed cell dimensions is shown in Figure 8 while the stack geometry is described in Figure 9 . Table 6 summarizes the assumptions made for the dimensions and materials for the fuel cell stack sizing and mass estimate. The dimensions stated above represent an effort to extrapolate from current state-of-the-art to a timeframe ten years out (2015) . For reference to current technology levels, the interested reader should refer to [9] and [10] . The material properties represent current solid oxide fuel cell technology. For the porous materials and the metallic interconnect with gas channels, an effective density has been given which accounts for the open volume. The baseline SOFC stacks are twelve in number, with 172 cells per stack.
The worksheet estimates the mass of the fuel cell stack, tie rods and endplates but does not include any portion of the housing or inlet and discharge manifolds. The housing mass is estimated based on initial 3D modeling and is added to the spreadsheet thereafter. Nevertheless, the mass of the stack dominates the systems mass estimate, and the interconnect mass is particularly significant.
Combustor
The combustor combines unburned fuel (hydrogen, methane, carbon monoxide and carbon dioxide) from the anode discharge side of the fuel cell and a portion of the air from the cathode discharge side of the fuel cell and provides a means to combust these gases further to raise the exhaust gas temperature and increase the efficiency of the hybrid system.
It was determined that if a large portion of the air was bypassed by the combustor, a tubular combustor was suitable for this application. The tubular combustor was sized and designed based on methods described in [11] . Two different sizing methods are examined and the largest (most conservative) combustor size is selected. Assumptions for the liner and casing thickness are made to provide an approximate combustor mass. It is anticipated that further investigations into the combustor sizing can incorporate a chemical kinetic calculation to determine a more accurate size for the combustor, since it is believed that the combustor is conservatively oversized based on the effect that the high inlet temperature has on empirical correlations. Future designs may end up incorporating a catalytic combustor, although further off-design performance requirements will need to be considered.
Starter/Generator
The mass of the starter/generator is conservatively estimated to be constant for this configuration based on starter/generator masses that are listed in [5] for systems in the size range being investigated.
Hot Box Assemblies
The purpose of the hot box assemblies is to provide insulation containment for all hot components. Each hot box will be packed with insulation to minimize equipment heat losses. . For the packaging investigation, the fuel cell stacks and combustor were packaged within one hot box and the heat exchanger, steam generator and fuel reformer were packaged within the other hot box. These components were packaged within close proximity to each other so that they could be surrounded by integral enclosures. The mass of each hot box is calculated based on the surface area calculated in the 3D model and an assumed thickness and material density.
Interconnecting Piping
A separate worksheet is provided within the program to estimate the diameter and mass of the interconnecting piping in the system. This worksheet uses system inputs of flow rate, temperature, density and dynamic viscosity for each interconnecting line. The diameter of each line is initially approximated based on assuming a velocity of 100 ft/sec for gases and 10 ft/sec for liquids (and then potentially changed slightly based on practical considerations from the 3D model). The mass of each line is calculated based on an assumed pipe or tube wall thickness, as well as the approximate length of line that is estimated from the 3D model. Based on the calculated Reynolds number in the line, a friction factor is computed and a pressure drop per foot of line is tabulated.
Individual Component Dimensions
A separate summary worksheet is generated that tabulates dimensional data of all major components. This dimensional summary worksheet can then be supplied to a designer for three dimensional modeling.
Total System Mass Summary
The final worksheet in the spreadsheet program provides a total solid oxide fuel system mass summary based on an aircraft APU application.
Each calculated component mass is summarized and the percent of its mass relative to the entire system mass is tabulated and plotted to provide an aid to determine which components have a significant impact on the total system mass.
Three Dimensional Solid Model Development
Based on the individual component dimensions calculated in the spreadsheet program, a 3D solid model of the system was developed and is shown within a B777 tail section. Initial packaging studies have shown that the system can be packaged to fit within the tail section.
Since the fuel cell stacks were presumed to be the heaviest items, it was decided to locate them near the tail section bulkhead to reduce the loads on the support structure. The compressor, fuel pump and water pump were also located near the bulkhead, since it is presumed that the penetrations for the air, fuel and water lines would occur through the bulkhead. A 3D simulation of the system within the B777 tail section is presented in Figure 2 .
Component Trade Studies
The code has been constructed to allow for variable component sizing required for system trade studies. Parametric trade studies were performed independently for each major component in the system, demonstrating how each component mass varies as a function of operating condition. Figure 11 shows centrifugal compressor mass as a function of pressure ratio. Figure 12 presents compressor mass as a function of mass flow rate. It is noted that for these spreadsheet analyses, the compressor non-dimensional specific speed is held constant to maintain optimum design point efficiency. The program calculates a different rotational speed for each pressure ratio case. This results in decreasing compressor mass with increasing pressure ratio, since the increased rotational speed produces a smaller compressor rotor requirement. Figure 13 shows the effect of pressure drop across each side of the heat exchanger on the heat exchanger mass. These calculations are performed at several mass flow rates through each side of the heat exchanger to also show the effect of mass flow rate on heat exchanger mass. It is observed that the heat exchanger mass and volume decrease as the allowable pressure drop increases. The effect of decreased heat exchanger mass can be compared to the resultant increase in compressor size to overcome the increased pressure loss. Figure 14 shows the effect of feed flow rate on fuel reformer mass. This calculation was performed at several different operating pressures.
The reformer spreadsheet calculates the required wall thickness based on operating pressure and temperature as well as material properties, assuming an Inconel 625 housing. However, if the required wall thickness falls below a minimum recommended manufacturing limit of 0.08cm, the calculation defaults to the minimum wall thickness. For this study, in the pressure range of interest (100 -400 kPa), the calculated wall thickness always defaulted to the minimum practical limit, since the actual required wall thickness was calculated to be less. Therefore, the effect of pressure on the fuel reformer mass is negligible for this study. For this investigation, the steam and oxygen to carbon ratio was held constant and the reactor bed L/D ratio was held at two. The figure shows that the fuel reformer mass increases with mass flow rate, which is to be expected, since a larger catalyst volume would be required. Figure 15 shows the effect of gas side pressure drop on the steam generator mass. This calculation was performed at several different mass flow rates, with the ratio of exhaust gas mass flow rate to water mass flow rate held constant. As with the heat exchanger, a larger allowable gas side pressure drop results in a smaller, more lightweight steam generator.
The effect of expansion ratio on turbine mass is presented in Figure 16 . These calculations are performed at constant mass flow rate, inlet temperature, inlet pressure and various rotational speeds (since the spreadsheet program sets turbine speed based on calculated compressor speed). As expected, it is observed that as turbine expansion ratio increases, the total turbine mass increases.
A trade study on the mass of the solid oxide fuel cell stack was performed by varying current density and voltage to obtain the required power. The effect on the resultant mass of the fuel cell stack is depicted in Figure 17 . This calculation was carried out at a constant area specific resistance of 0.4 ohm-cm 2 and constant electrode gas flows, pressures and temperatures.
The effect of mass flow rate on combustor mass is presented in Figure 18 . The calculations are carried out at several inlet pressures. Inlet temperature is held constant, as well as the fuel/air ratio. The combustor mass increases almost linearly with mass flow rate at a given pressure, but the effect of operating at higher combustor pressures has a more significant effect on combustor mass.
System Trade Studies
The entire spreadsheet program was executed for two different APU operating conditions to examine the effects of system mass when the system is designed for cruise or sea level operation. A typical output summary of the component weight breakdown for the sea level and cruise design cases is shown in Tables 7 and 8 . A pie chart showing the relative weights of the components when the system is designed for sea level conditions is shown in Figure 19 . A pie chart showing the relative weights of the components when the system is designed for aircraft conditions is shown in Figure 20 . For the cruise and sea level design studies, the hot box and interconnecting piping masses listed are the same since they are based on the packaging design presented in Figure 2 (cruise design case) and 3D packaging was not performed for the sea level case. 
SUMMARY AND CONCLUSIONS
Parametric mass and volume models have been developed to provide preliminary mass and performance estimates of the various components that are required in an Aircraft Fuel Cell Power System for an aircraft auxiliary power unit. The program has been designed to read in system model data and provide preliminary component mass and performance estimates so that the research team can quickly ascertain the mass impact of fuel cell hybrid system modifications. This linking of the system model output to the spreadsheet program should allow for rapid parametric trade studies to be performed to optimize the development of the hybrid aircraft fuel cell power system. Component trade studies using the program have been performed and are discussed. Two system examples using the program to analyze a solid oxide fuel cell/gas turbine hybrid system are presented. Further system trade studies using the program have been performed on the solid oxide fuel cell/gas turbine hybrid system and are discussed in detail in [2] . 
